Decentralize operational scheme for large-scale smart microgrids integrated into utility network in island mode by Al Omar, Wesam F.
Decentralize Operational Scheme for Large-Scale Smart 
Microgrids Integrated into Utility  Network in Island Mode 
Wesam Falah Mustafa  Al Omar 18452802 
School of Computing, Engineering and Mathematics 
Western Sydney University 
Master of  Research - Engineering 
Nov  2017 
Supervisor: Associate Professor Mahmood Nagrial 
Acknowledgements 
My research journey started at western Sydney University in the master of the 
research program. This journey has given me the confidence and experience to face 
the life and support my academic path for the close future.I would like to thank the 
people who support me and given me the trust to complete this road.   
Firstly, I would like to thank my sincere supervisor who supports me all the time. 
Associate Professor Mahmood Nagrial which he always encourages me, and assisted 
me during my research . his academic guidance provided me with the learning 
experience for my career path. I am very thankful to him for his support for all other 
aspects.   
I would also like to express my gratitude to western Sydney university for the 
scholarship which  I was given to support me in this research. 
My wife support also appreciated I am very happy for the wife who stands with me 
and supports me in life.  
Finally, I would like to thank my parents whom they help me to get this achievement, 
all the love for them. 
Student Declaration 
The work presented in this thesis is, to the best of my knowledge and belief, original 
except as acknowledged in the text. I hereby declare it has not been submitted in full 
or in part, for a degree at this or any other institution. 
(Signature) 
Table of Contents 
List of Tables ......................................................................................................................... i 
List of Figures ........................................................................................................................ ii 
List of Abbreviations ............................................................................................................ iv 
Abstract .............................................................................................................................. vii 
Chapter 1 : Introduction .................................................................................................... 1 
1.1 Introduction ................................................................................................... 1 
1.2 Micro Grids ................................................................................................... 3 
1.3 Motivation ..................................................................................................... 3 
1.4 Potential impacts ........................................................................................... 5 
1.4.1 Academic Impact ................................................................................... 5 
1.4.2 Economic Impact ................................................................................... 5 
1.5 Research methodology mechanism ............................................................... 6 
1.6 Thesis contribution ........................................................................................ 8 
1.7 Thesis structure .............................................................................................. 8 
Chapter 2 : Literature Review ........................................................................................11 
2.1 Introduction ................................................................................................. 11 
2.2 Micro Grids ................................................................................................. 12 
2.2.1 Definition of Microgrids ...................................................................... 12 
2.2.2 Microgrids function .............................................................................. 13 
2.2.3 Microgrid architecture .......................................................................... 14 
2.3 Microgrid Resources ................................................................................... 18 
2.3.1 Solar Panels .......................................................................................... 19 
2.3.2 Windmills ............................................................................................. 19 
2.3.3 Microturbines ....................................................................................... 20 
2.3.4 Storage devices..................................................................................... 20 
2.4 Microgrid Integration .................................................................................. 21 
2.5 Microgrid resilience .................................................................................... 22 
2.5.1 Sectionalizing and self-healing ............................................................ 23 
2.5.2 Decentralized schemes in MGs ............................................................ 25 
2.5.3 Load demand sharing by Microgrids ................................................... 26 
2.6 Interactions between batteries and microgrids sources ............................... 27 
2.7 Protection systems in MGs .......................................................................... 28 
2.8 Solar irradiation in Australia ....................................................................... 31 
2.9 Conclusion ................................................................................................... 33 
Chapter 3 Practical study and results ...........................................................................35 
3.1 Introduction ................................................................................................. 35 
3.2 Fundamental study ...................................................................................... 35 
3.2.1 Power flow for modelling radial circuit ............................................... 35 
3.2.2 Power Losses ........................................................................................ 36 
3.2.3 Network ASIFI indicator...................................................................... 37 
3.2.4 MG location and size ........................................................................... 38 
3.2.5 Integration of microgrids into the network .......................................... 41 
3.3 Procedure ..................................................................................................... 42 
3.3.1 DigSilent Power Factory SP3............................................................... 43 
3.3.2 Modelling the Bus test ......................................................................... 44 
3.3.3  Validation of algorithm ....................................................................... 46 
3.3.4 Implementation Steps ........................................................................... 47 
3.4 Data implementation ................................................................................... 48 
3.4.1 Determine MGs Locations on 33 – bus test ......................................... 48 
3.4.2 Optimum MGs sizes ............................................................................. 50 
3.5 Study outcome ............................................................................................. 60 
3.5.1 Case 1 ................................................................................................... 60 
3.5.2 Case 2 ................................................................................................... 62 
3.5.3 Case 3 ................................................................................................... 63 
3.5.4 Comparison .......................................................................................... 64 
3.6 Conclusion ................................................................................................... 64 
Chapter 4 : Conclusion and future work ......................................................................66 
4.1 Introduction ................................................................................................. 66 
4.2 Summary of results ...................................................................................... 67 
4.3 Future work ................................................................................................. 69 
References .............................................................................................................. 71 
Appendix ................................................................................................................ 80 
 i 
List of Tables 
TABLE 2.1 Comparison between MGs architecture based on busbar type 
TABLE 3.1 Size and losses calculation for suppling the interrupted load by 
one MG 
TABLE 3.2 MGs sizes for every bus location 
TABLE 3.3 BESS sizes 
TABLE 3.4 Comparison between ASIDI in the three cases 
TABLE A.1 33 bus test configurations 
TABLE A.2 PV generation profile for plant in NSW 2291 in Sep 2013 
TABLE A.3 Load profile for substation in NSW 2291, Sep 2013 
TABLE A.4 ASIDI calculation for PV    
ii 
List of Figures 
Figure 2.1 MGs connected to distribution network 
Figure 2.2 DC busbar connection model 
Figure 2.3 Hybrid connection model 
Figure 2.4 Combined AC connection model 
Figure 2.5 Generic solar cell 
Figure 2.6 PVs generation structure 
Figure 2.7 Normalise PV output power in NSW 
Figure 2.8 Average power (2012-2013) for PV plant in NSW 2291 
Figure 3.1 SLD for radial electrical circuit 
Figure 3.2 SLD for electrical radial circuit after adding DG 
Figure 3.3 ASIFI scenarios examples of interrupted network 
Figure 3.4 Algorithm flow chart to select size, location 
Figure 3.5 Charging and discharging model for PV and BESS Integration 
Figure 3.6 Interactions algorithm flow chart in MG 
Figure 3.7 DIgSILENT PowerFactory 2017 
Figure 3.8 SLD for 33 bus test system 
Figure 3.9 Load flow analysis for 33 bus test system using DigSilent power factory SP3  
Figure 3.10 Average load profile for Sep 2013 
Figure 3.11 Generation profile on Sep -2013 
Figure 3.12 ASIFI for every portion 
Figure 3.13 MGs locations on 33 bus tests 
Figure 3.14 One MG connected to the interrupted busbar 
Figure 3.15 Average of ASIFI based on number of used MGs 
Figure 3.16 SLD for 33 bus test system integrated with MGs in island mode 
Figure 3.17 SLD for 33 bus test system integrated with MGs in connected mode 
Figure 3.18 Voltage and losses before integration 
Figure 3.19 After connecting MGs on the proposed busbars in connected mode 
iii 
Figure 3.20 After connecting MGs on the proposed busbars in island mode 
Figure 3.21 Data profile for load and PV output power in NSW 2291 
Figure 3.22 Restoration time 
Figure 3.23 ASIDI trend 
Figure 3.24 Charging and discharging for integrated PVs and BESS 
Figure 3.25 ASIDI without any alternative source 
iv 
List of Abbreviations 
ADN  Active Distribution Network 
ADS Australian Development Scholarship 
ASAI Average Service Availability Index 
ASIDI Average System Interruption Duration Index 
ASIFI Average System Interruption Frequency Index 
BESS Battery Energy Storage Systems 
CAIDI Customer Average Interruption Duration Index 
CB Circuit Breaker 
CERTs Consortium for Electric Reliability Technology Solutions 
CES Community Energy Storage 
CHP Combined Heat and Power 
CML Customer Minute Lost 
CO2 Carbon Dioxide 
DER Distributed Energy Resources 
 v 
DG Distribution generation 
DNO Distribution Network Operator 
EM Energy Management 
GHG Greenhouse Gases 
LV Low Voltage 
MAS Multi-Agent System 
MG Microgrid 
MT Microturbines 
MTBF  Main Time Between Failures 
MV Medium Voltage 
OHL Overhead line 
PCC Point of Common Coupling 
PV Photovoltaic 
RES Renewable Energy Resources 
SAIFI System Average Interruption Frequency Index 
vi 
SD Storage Devices 
SG Smart Grid 
SOC State of Charge 
SST Solid State Transformer 
VUISA Victoria University Indonesia Student Association 
WT Windmill Turbines 
vii 
Abstract 
Distribution network blackouts are considered very limited. However, any major 
crisis in the network has high impact on consumers and distribution network 
operators (DNO). Overload, lack of maintenance and weather are mainly effected by 
network reliability and leads to cascading failures. Notably, the continuous growth in 
load demands and deteriorating cables increase the chances to fail the electrical 
system. To ensure power system availability and reliability, electrical power system 
should be resilient. Although, contingencies plans can manage restoration schemes to 
important and vital loads by finding the fault, isolate it and restore the supply neatly, 
but still other normal loads unable to get supply. The purposes of this thesis to keep 
the power supply running by enhancing microgrids (MGs) interactions between 
photovoltaic (PV) plants and battery energy storage systems (BESS) which is 
integrated to the electrical distribution network. When the main source of supply is 
lost, the upstream circuit breaker (CB) open and the supply restored by the MGs 
which located and integrated into the distribution network. Then, interactions 
schemes between PVs and BESSs are functioning to provide uninterrupted supply by 
MGs resources. The algorithm of the scheme is considering BESS and energy 
management to reduce the interruption impact at night for other customers. Sizes, 
locations, and total numbers of MGs are planned to handle peak demand and to cover 
unforeseen cases, such as restoring the supply of another electrical circuit network by 
using interconnection. When the MGs work in island mode as a standalone system, 
the electrical distribution system completely depends on generated power by PVs and 
stored power by BESS. Accordingly, the MG resources should be capable of 
handling the load demand any time during the interruption until the DNO clearing 
the fault and restore the main power supply. Electric power distribution reliability 
viii 
indices are employed to define the optimum locations for MGs. Accordingly, the 
sizes and the total number of MGs are selected based on location, voltage violation, 
and power losses. To ensure the electrical distribution system reliability and 
availability, an interaction algorithm formula is needed to manage load sharing 
between PVs and BESS during the interruption at daylight and night. On the other 
hand, some constraints are there for charging and discharging BESS to keep the state 
of charge (SOC) between 20% to 90%. This research provides, an algorithm to 
organise all MG interactions including charging and discharging limits. The research 
methodology investigates and simulates the data by using DIgSILENT PowerFactory 
SP3 against different situations. The proposal is compared with existing restoring 
scheme by PVs only. Furthermore, the modification is tested again and verifies the 
reliability indices to compare it with the existing scheme. The resulting algorithm is 
implemented in different case studies for validation and testing purposes. 
ix 
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Chapter 1 : Introduction 
1.1 Introduction 
During the 20th  and 21st  century, fossil fuel generation was one of the most 
significant sources of CO2  and other emissions in the air. The continuous 
accumulation of carbon dioxide has created a phenomenon called greenhouse gases 
(GHG)  that increases global temperature. This environmental fact has led to change 
the way of thinking of producing energy to decrease the GHG  by using renewable 
energy sources (RES) as alternative sources of energy.  Therefore, these kinds of 
sustainable resources are now penetrating quickly to be used as the future source of 
energy.  Distribution generation (DG) term was given for this sort of generation with 
different descriptions as a decentralised, dispersed or embedded generation for all 
future renewable generation methods [1].  
The continuous enhancement in DGs adds new directions to reduce the global 
warming. Microgrids operational schemes proved the high capability of having the 
fast response in isolation and self-restoration of the supply. In addition to the high 
power performance of handling and managing the resources, which leads to increase 
the system flexibility to make the right decision. However, the controller in 
distribution management system (DMS)  or the controller in microgrids (MGs) 
should have an integrated algorithm to manage and control the interactions  [2]. The 
availability and reliability are the results of the new approaches and customers 
requirements who are worried about consumption and power supply availability. 
Microgrids research identifies new strategies for the next generation to be more 
resilient, easy to be integrated into any electrical system, dynamic, have the 
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capability to use storage devices and take the right decision either by centralised or 
decentralised system[2-4].  
The main concept of introducing storage devices into microgrids will increase the 
power availability, reduce the power demand and maximise the utilisation of solar 
energy in day-night times and reduce the environmental impact of using the 
traditional power generation systems [5]. The compatibility between existing 
electrical components in the electrical network and the future integrated grids should 
be verified based on systematic methodology. The study is focused on the current 
status of the network to define the gaps and introduce the strategies to fill that gaps 
of infrastructure items for existing network, available renewable resources and the 
capability of existing network[6]. However,  integrating storage devices to network 
initiate another complex problem during switching and operation [7]. The research 
[5, 8] show that the integration of microgrids with batteries has a positive impact on 
load sharing and voltage stabilisation.  In order to expand the utilisation of storage 
devices in self-restoration for network and to analyse all possible scenarios, further 
studies are required to be performed on the microgrid integration into storage 
devices. Furthermore, the decision of isolation and self-restoration by using 
decentralised systems is expected to be widely expanded in smart grids and 
microgrids. 
This section presents a brief of microgrids, 1.3 section shows the real motivation for 
this study and write this research. The potential impact of using microgrids are 
explained in section 1.4.The systematic research mechanism and methodologies are 
shown in Section 1.5,  section 1.6 shows the thesis contribution, and thesis structure 
is presented in section 1.7. 
3 
1.2 Micro Grids 
Microgrids (MGs)  are considered as the small intelligent version of the centralised 
network system. They have the capability to achieve the local needs of electricity in 
terms of reliability, saving and environment-friendly. In other words, it has the same 
functions of the power grid to generate power by using sustainable resources such as 
photovoltaic (PV), windmill turbines (WT), Microturbines (MT) and storage devices 
such as battery energy storage system (BESS).  Moreover, has the capability to 
distribute and regulate electricity locally and action an efficient way [9]. Microgrids 
definition, types, functions, and resources are discussed in chapter two.   
1.3 Motivation 
Renewable resources and microgrids studies have shown the environmental impact 
and how to reduce  CO2 footprint, and to be the alternative source of energy to cover 
the continuous increment on power demand for future. Distribution energy sources 
(DER) have taken the first place according to the traditional generation systems in 
term of sustainability, reliability and the flexibility to integrate with any electrical 
systems through microgrids. This development has led to creating a comprehensive 
view of the smart cities, in line with green energy strategy, in addition to the clearer 
vision to become the first option to meet the increment in power demand and to meet 
the future customer perspective. Normally, electrical networks are vast, complex and 
are fed from limited generation plants. The potential challenge for these electrical 
networks and generation plants needs to meet the future requirements regarding 
power demand, reliability, avilability and system security as well. This vision 
requires continuous upgrading the electrical power system. Microgrids are the most 
effective solution to meet the local load demand requirement and increase system 
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security by increasing  number of DER[10]. However, integrating DGs to the 
electrical networks create new technical problems, which needs to be solved to be 
compatible with electrical network requirements. MGs innovation was led to resolve 
the integration issues and open up a new horizon in energy management. On the 
other hand, sectionalizing and self-restoration by using  MG resources add a new 
dimension which needs to be studied widely. MGs operational schemes are designed 
to be integrated and always operating in synchronism mode with utility network. Any 
failure in upstream leads to isolate MGs from utility network by interface protection 
module and work as a stand-alone in island mode. Recently, the fast penetration and 
development of MG  in different aspects have given a motivation for studying the 
impacts of integrating battery energy storage systems (BESS) with  MG into 
electrical network, and the interactions to restore the supply with other resources. 
The restoration of interrupted supply by BESS and maximising PV power utilisation 
at night time is considered relatively new concept which needs to be developed. 
Network performance indices are the most significant parameters to measure 
interruptions for power utilities. These indicators consist of customer minute lost 
(CML), Customer average interruption duration index (CAIDI), System Average 
Interruption Frequency Index (SAIFI ), Average Service Availability Index (ASAI), 
Average Service Interruption Frequency Index (ASIFI) and Average System 
interruption Duration Index (ASIDI)[11]. Some research has been conducted to study 
MGs resources impact on network performance indicators such as SAIFI[11, 12]. 
The operational schemes which were investigated recently focused on power 
management and quality. However, the distribution companies have other different 
factors to measure network performance regarding availability. Furthermore, BESS 
interactions with MGs and network to restore the supply over 24 hours by shifting 
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the day  PV extra power to the night time, have not been studied regarding ASIDI 
and ASIFI which needs to be investigated more. 
 
1.4 Potential impacts 
 
1.4.1 Academic Impact  
 
Australia is considered one of the countries which have the vision to convert all 
traditional power generations to 100% clean energy within few years  [13, 14]. This 
approach has inspired the Australian researchers to focus on sustainable resources 
and power management. The study of operational schemes of decentralised systems 
are widely increasing, starting from using DGs to managing the operations by using 
MG and now expanded to consider storage devices as a new approach to store the 
extra and required energy when it is needed. Recently, the researchers have 
considered network performance indicators,  one of the most significant topics which 
can be investigated, to meet utilities and customer requirements such as SAIFI [12, 
15]. This research has shown the impact of ASIFI, and ASIDI indices as new 
performance factors have never been considered in MG and BESS investigations 
[11]. 
1.4.2 Economic Impact  
 
Decentralized schemes of MG aim to interact and utilise the available renewable 
energy sources (RES) as much as possible to reduce energy consumption from the 
main source, reduce the losses and increase electrical network availability and 
reliability. Therefore; the governments have started to facilitate this approach for 
customers and promote the use of  RES [16, 17]. Australian master plan for 2050 
gives two scenarios. The first scenario is a combination of  RES, increase efficiency 
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and  shift the model which will save  41% (1040 PJ/a) in 2050. Having said that, 
greater modal shifts and technology switching will increase the energy savings 
prospectives in the Advanced Renewable scenario of 50% (1270 PJ/a)[13]. 
1.5 Research methodology mechanism  
This study aims to reduce interruption impact and increase MGs performance when 
the upstream source of power is lost in the large-scale electrical network. The 
primary aim is to examine PVs and BESS interactions when the upstream source is 
lost for 24 hours for any fault or disturbance on the electrical system. The study is 
conducted by considering ASIFI and AISDI as factors to configure the MGs and 
BESS regarding location, size, power losses and voltage stability.  The simulation is 
done by using Dig-SILENT Power Factory SP3. The mechanism of the methodology 
which is used   to study  the interruption  impact is follows:  
1. Investigate power system performance indicators for  PVs and BESS ( AISFI
and ASIDI ). This target leads to calculate the  ASIFI and ASIDI before and
after MGs integration. The integration into the distribution network needs to
study  PVs interaction at daylight and BESS  at night to provide night power
needs and collect information about MGs components such RES and storage
devices for all different types.
2. Studying, building and modifying IEEE recommended bus test for similar
study cases. Currently, MGs studies are being conducted by using IEEE 33
or 69 bus test, therefore; many papers were reviewed to be utilised in this
research. Dig-SILENT Power Factory SP3 is used for load flow calculation,
power losses in different scenarios and voltage profile before and after
7 
3. integrating MGs with and without PVs and BESS. These parameters were
used to calculate location and size of PVs and BESS.
4. Building PVs and BESS algorithm to restore the supply for interrupting
electrical network depending on load profile, the output power for PVs at
daylight and BESS at night.
5. Testing and validating the algorithm by using a data form distribution
electrical utility (Ausgrid). The algorithm was validated to calculate the
ASIFI and ASIDI before and after using PVs and BESS. The validation was
performed in different scenarios as follows :
a) Run Load flow for IEEE 33 bus test before integrating MGs to verify
the system parameters such as source power, voltage profile, losses
and power factor (PF).
b) Calculate all ASIFI and ASIDI scenarios for losing power source in
every busbar.
c) Select the optimum locations of MGs based on ASIFI figures.
d) Integrate the IEEE bus test with MGs by using PVs only as a new
RES.
e) Select PVs capacities based on the optimum locations and bus power
requirements.
f) Run load flow by using a new modified integrated circuit to verify
system parameter.
g) Calculate ASIDI after PVs integration.
h) Run power flow and calculate the new parameters by using the new
algorithm to keep the MGs out power constant as much as required
and BESS state of charge (SOC) between 20% to 90%.
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i) Recalculate ASIDI and ASIFI after applying the algorithm.
1.6 Thesis contribution 
The significant contribution of this research is the use of  ASIFI and ASIDI in 
operational schemes of MGs and interactions between RESs to restore the supply to 
all interrupted areas. The design was analysed and simulated by using Dig-SILENT 
Power Factory SP3. This  contribution will be considered in the following aspects :  
1. Verify new parameters to be considered in MGs interactions with the
electrical network. This approach will open new areas for improvement
regarding network reliability indices for distribution network operators
(DNOs) such ASIFI and ASIDI.
2. Reevaluate the current algorithms which placed to select MGs size and
location based on power losses only, which leads to motivate researchers
to conduct further studies with different approaches depending on the
DNOs requirements.
3. Using Dig-SILENT Power Factory SP3 in this research will contribute to
future studies to evaluate the new parameters of the network after
integrating MGs based on network reliability indices.
4. The restoration of the supply by using BESS at night is a new
contribution to verify the BESS size based on ASIFI results.
1.7 Thesis structure 
The thesis has four chapters; the first chapter presents an introduction to this study 
including the potential impacts of using network reliability indices on MG. 
Methodologies,  real motivation of this research and contribution are a part of this 
chapter as well.  The second chapter gives an introduction to the literature review on 
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MG and  RES. In addition to integration, sectionalizing and self-restoration, BESS 
and solar irradiation in Australia as well. Operational schemes are taken place in 
chapter three which presents centralised, decentralised systems, protection systems in 
MG as well. Practical study, calculation and algorithm validation presents in chapter 
three to provide an experimental analysis of the study. Different scenarios are 
conducted with discussions on all study cases. The last chapter discusses the 
conclusions and future works. 
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Chapter 2 : Literature Review 
 
2.1 Introduction  
 
This chapter aims to present a necessary background and the development stages of 
MGs. Decentralized schemes are one of the most important challenges facing 
distribution companies. However, the rapid development of decentralised schemes 
has led to expanding the MGs penetration widely. Furthermore, the new approaches 
to store solar energy and exploit it at night have driven distribution companies to 
review the use of energy in terms of cost and hours of operation. This trend has 
increased the interests of government institutions to adopt new laws to facilitate the 
use of this method because of its economic and environmental impact. 
Currently, DGs are considered as one of the most important sources of energy, which 
are dealt generate energy in the decentralised scheme. This mechanism was found to 
reduce energy consumption from its traditional sources and to increase the reliability 
of the electrical system. One of the most common sources is the solar energy which 
is easily found in most of the countries around the world. The development in this 
field has led to restore the supply by using DGs when the upstream is lost, taking into 
consideration the capacity of available resources to meet network requirement in 
terms of load demand and time. One of the most important problems for example, 
but not limited to the electrical system loads, vary according to consumption. In 
addition to solar energy which starts to generate power between sunrise and sunset.  
MG is considered the future source of energy. The rapid development of their 
resources will have an impact on the future of sustainable energy, which is exploited 
to meet new energy demand. Wind turbine (WT), photovoltaic  (PV), and 
microturbine (MT) are the main sources of MG. To achieve the maximum utilisation, 
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storage batteries were developed to increase the utilisation of this energy while it is 
not available, either at daylight regarding PVs or WT at any time. 
This chapter provides a detailed explanation of the MGs and the generation methods 
used. Section 2.2   provides details of MG definition, function, and architecture used. 
Section 2.3   addresses the sources of MGs including storage devices. Section  2.4 
explains the integration of MGs with the electrical distribution network. 
Furthermore, section 2.5  describes the resilience of the system.The discussion of the 
interactions between batteries and MGs sources are given in section 2.6. Finally, 
solar irradiation in Australia in section 2.7, in addition to the summary of this chapter 
will be in section 2.8. 
2.2 Micro Grids  
 
The concept of Microgrids was raised at Consortium for Electric Reliability 
Technology Solutions (CERTs) in  2002 [10], and the validation was presented at 
IEEE conference in 2006[18]. Basically, MGs contains  DGs sources and BESS 
which have the capability to have more power capacity and flexible control system to 
be integrated into the traditional electrical network and functioning as a stand-alone 
in island mode as well [19-21]. However, most of DGs are DC sources like PV, 
BESS, and Fuel Cells. Therefore; it requires an inverter to be connected to the 
electrical network. Furthermore, DC loads such as LED lighting trends are 
increasing, which need to rectify the AC power to DC power.  
2.2.1 Definition of Microgrids 
MG is defined as a small electricity distribution system, which is operated by 
different micro sources like PV, WT,  MT, storage devices (SD), and  Combined 
Heat and Power  (CHP). On the other hand, it has the ability to control all entities 
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either energy sources or loads.  All these resources are connected to the point of 
common coupling (PCC ) which is designed to be capable of complying with 
maximum local demand. MGs have the ability either to operate in a synchronised 
mode and to share power with electrical network system as required or to work as a 
stand-alone in island mode[22]. Figure 2.1 shows MGs connected to electrical 
distribution network through DC blocking transformer in synchronised mode.  
2.2.2 Microgrids function   
 
MGs functions are as follows  :  
1. MG is considered as an entities platform for the integrated DGs at the supply 
side and controlling platform for the local load demand which are located on 
the load side. Generally,  the MG has the priority to interact with the local 
generation and local loads. Therefore; the physical location of DGs and loads 
are very important to consider the grid as an MG.  MGs are connected in two 
voltage levels, either as a low voltage (LV) plant or as a medium voltage 
(MV) plant. 
 
Figure 2.1 MGs connected to distribution network   
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2. The normal function of  MG is to operate in a synchronised mode with the 
electrical distribution network as a connected mode. MG has to be capable of 
isolating the MG from the connected mode to operate as a stand-alone in 
island mode, in case of any external disturbance on the main power supply at 
upstream. SDs are connected and integrated to MGs to expand the 
functionality of MGs in island mode and handle the required demand, which 
leads to increase the capability of MG to handle the loads in island mode.  
3. MGs are operated as active devices. However, the difference between the 
MGs and passive grids is that MG has the ability to manage, control and 
coordinate the resources. On the other hand, the passive devices do not have 
the ability to manage and control the entities and loads[22].  
2.2.3 Microgrid architecture 
 
The architecture design of MGs  are defined based on connection for six groups as 
follows [23] : 
 
AC busbar connection: 
The first MG proposed model was AC busbar. All kinds of DGs are connected to AC 
busbar through inverters and converters. The DC source is inverted to AC and 
connected to the busbar, and AC source connected to AC-DC converter and DC–AC 
inverter. The connection point of all DGs comes through the static switch to monitor 
the power quality. However,  this connection affects power electronic component and 
becomes defective faster than other kinds of connections. Figure 2.1 shows AC 
busbar connection mode.  
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DC busbar connection: 
MGs with DC busbar is a technique performed by connecting all types of  DC 
entities to the DC-DC converter and busbar such as PVs, BESS, and fuel cells. 
However, the DC loads are connected directly to the busbar. The DC-DC converter 
should be bi-directional for BESS to facilitate charging and discharging 
functionality. On the other hand, AC entities should be interconnected through AC-
DC rectifier such as MT. Figure 2.2 shows the DC busbar connection into all kinds 
of loads and entities. DC busbar has a significant impact on losses as the number of 
inverters in DC busbar is less than the number of the inverters in AC busbar.  
Notably, every inverter has about 2.5 % losses including skin effect in AC cables. 
Therefore; the loss reduction in the cables between 40-50 % could be achieved in DC 
connection[24].  
Hybrid connection  
The busbar hybrid connection is defined when the  AC busbar and DC busbar are 
combined together in one busbar system through the DC-AC inverter as shown in 
Figure 2.3. This connection leads to getting benefits of both systems by lowering 
 
Figure 2.2 DC busbar connection model 
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power losses, number of inverters, enhancing power quality and unsymmetrical 
current control capability[25]. 
 
Combined AC connection with DC storage  
In [23] address that combining BESS and AC busbar connection enhances the 
flexibility of AC busbar connection. Combined AC connection is similar to hybrid 
connection, however, managing BESS operations is used to be  in centralized system  
.  Notably, DGs  are  connected with loads in the same busbar,  since both of the AC 
and the storage devices can be connected to DC busbar and  Bidirectional DC-AC 
inverter to the AC busbar as shown in Figure 2.4  .  
 
Figure 2.3 Hybrid connection model 
 
 
Figure 2.4  Combined AC connection model 
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 DC zonal microgrid connection  
Many researchers have investigated the most reliable solution with high power 
quality[26-29]. Significantly, DC MGs reduce losses and increase the main time 
between failures (MTBF) which is considered as a disadvantage in AC MGs 
connection[30]. The DC Zonal connection has the solution which can work smoothly 
in island mode for any power supply failure with fast isolation. This method is 
designed to connect the DC microgrids as zones to AC busbar through a DC-AC 
inverter. Internally, every zone has a mixture of DGs which are connected through 
inverters to supply the DC MG busbar. However, some other AC loads, in the same 
MG, need to be connected to DC to AC converter. 
 
Solid state transformer (SST)  
SST is a static device which is replacing frequency grid transformer to reduce the 
weight and the size of transformer.  The idea behind this connection to improve the 
quality of energy.  On the other hand,  the system reliability when connected through 
SST, is very low; any failure in SST  is leading to disrupt the whole MG  system 
[24].  
 
Comparison of MG  busbar architecture  
TABLE 2.1 Comparison between MGs architecture based on busbar type 
Item Description 
Busbar connection type 
AC DC AC-Storage Hybrid DC zonal SST 
1 No. of Inverters  H L L L M L 
2 Reliability L H M H H L 
3 Quality of power  L H M L H H 
4 Failure   L L L L L H 
H: High, M: Medium and L: Low  
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2.3 Microgrid Resources  
 
Recent statistics show that a significant number of energy customers have installed 
networks operating in island mode to meet their daily needs. These figures indicate 
that customers are increasingly interested in the applications of DGs because of the 
rapid development in this field and their compliance with local demand 
requirements. DGs has the flexibility to provide necessary power to meet local needs 
as per customer's request.  It could be enough to use the grid for one subscriber as a  
limited number, or it could require a large number of these generators to operate as 
an alternative source of the main supply from electricity distribution network. 
Furthermore, DGs are considered the most effective solution to be adopted by 
distribution companies in term of cost reduction to build traditional power generation 
plant and connect distribution lines. The generation by small-scale power generators 
defines the concept of DGs which are located close to MG customers. They are 
connected through  DC-AC power inverters or AC-DC power converters. DGs are   
RES, such as PV, WT, fuel cells and MT. Currently, DGs are called with different 
names that vary from country to country, such as embedded generation, dispersed 
generation, decentralised generation, etc. DGs are also defined as a small scale 
generators,  which are located near the consumer and produce no more than 10 
MW[31]. On the other hand, some institutions define DGs up to 50 MW and other up 
to 25 MW. Although, these definitions are not globally agreed. Therefore each 
country has a point of view on DGs definition. In conclusion, all of them have the 
same objective of using DGs[32]. 
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2.3.1 Solar Panels 
Solar PVs convert the sun's light into electrical energy. Figure 2.5 shows a cross-
section view of a generic solar cell. This generation is characterised by no carbon 
dioxide emissions and no operation noise. It also has very low operating costs in 
terms of maintenance or fuel as it is considered a sustainable alternative source. One 
of the major problems with this technique is the impact of night and daylight, and 
they are clearly affected by weather as well. The variation in load demand has a 
negative impact on voltage stability,  in addition to its high construction cost[33]. 
2.3.2 Windmills 
The old traditional generation is to convert kinetic energy into electrical energy by 
using diesel engines. WTs are the replacement of diesel engine to generate kinetic 
energy by using wind to produce electrical energy.  There are two types of WTs: 
vertical axis, and horizontal axis. WTs have a common characteristic similar to PVs 
regarding emissions and no fuel costs. Moreover,  it is considered as a sustainable 
source. Significantly, WTs have some challenges regarding variable output power 
and rather high construction cost[36]. 
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2.3.3 Microturbines 
Basically, MTs are designed for commercial aircraft generators; it can produce high 
power with low cost between 25 and 100 KW.  They produce power at high 
frequency due to high speed (50-90 KRPM) which is considered as a problem to be 
coupled directly to the electrical network. Therefore,  AC to DC converters are 
required to be used. When the MT output is converted to reduce the frequency, it has 
to be connected again to DC to AC inverter and synchronise with the electrical 
distribution network [37]. 
2.3.4 Storage devices  
One of the most important factors to develop and increase the efficiency of MGs are 
storage devices (SD). SDs have created opportunities to manage energy between all 
DGs. Where batteries are one of the most important of these devices, which became 
accessible to everyone with relatively low cost and other energy storage devices are 
either supercapacitors or flywheels. SDs have several functions; the most important 
function is to improve the quality of energy by monitoring the frequency and voltage 
with the presence or absence of batteries. Furthermore, the batteries are controlled by 
frequency and the required estimated loads. SD is proposed to interact with DG in 
island Mode in MG,  and the power flow between SD and DG is designed to be 
bidirectional. On the other hand, an algorithm is developed to control the interactions 
to manage fuel cells as a DG source and batteries in electric cars as a supplementary 
source to support fuel cells[38]. The proposed controller is designed to charge 
batteries and load through the DC bus bar. Some other studies proposed to control 
the load sharing between DGs and batteries, which develop the charger functionality 
to charge multiple batteries at the same time by improving the schedule of batteries 
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charging and discharging activities. The function is integrated into the same 
controller to manage battery charging and discharging current[39]. The cooperation 
between DGs and batteries in MGs was discussed in [40]. The main target is to keep 
the power always controlled in MGs and on the state of charge (SOC) as well.The 
management of charger strategies among PV and SD aims to control the interactions 
between PV and SD  to resize and limit required area for SDs. The study proposed an 
algorithm on residual capacity[41]. Some other research proposes the Diesel 
generator as a  DG integrated with BESS was proposed in[42].  The research 
proposed that the interactions among diesel generators and BESS be functioned by 
using an H-based control algorithm to reduce SD capacity. The integration between 
DG and BESS have used an algorithm to calculate and expect the battery size which 
needs to be fitted to meet the MG load demand [43, 44]. 
2.4 Microgrid Integration 
The common operational scheme for microgrids is to operate in synchronism mode, 
connected and integrated to the distribution network. The interface protection module 
isolates microgrid system to work as stand-alone in island circuit in case of any 
disturbance in a utility network. This scheme is essential for stopping any back feed. 
The integration of MGs should be designed with specific features to meet the 
required operational scheme as follow [22]:  
1. An intelligent system to verify the ability and capability of  MG  to operate locally
in island mode (losing power supply, bad power quality, etc.) and to be controlled 
remotely by control centre for distribution network operators (DNO).  
2. High-speed isolation and switching.
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3. Monitoring power quality performance.
4. The capability to handle the required load demand by using the available DGs and
SD. 
5. The ability to synchronise when supply is restored back to the utility.
The IEC standard of the transition from traditional network to SG ( Smart Grid ) is 
required to evaluate the network in three stages as below[6]:  
1. Evaluating the status of the current distribution network.
2. Evaluating the future status of distribution network depending on the master plan.
3. Define the gaps and actions to be taken.
Gap analysis assessment is found to show the required actions which have to be 
considered for systematic transition and integration with smart MG. The utilities face 
a potential challenge to integrate the equipment of current network and the required 
LVMGs devices. However, most of the used inverters are designed with low fault 
configuration current, which has negative consequences on operation and fault 
isolation sensitivity[45]. 
2.5 Microgrid resilience 
MGs is considered the fastest and most important stage in electric power 
development. Not to mention the fast penetration of microgrids (MG) is a result of 
responding to the environment and economic policies. It has led to increasing 
infrastructures growth and development for this new kind of electrical resources. 
Recently, the scholars have focused on two important parts of MGs which are RES 
and BESS. To enable the functionality of these resources, another technology has 
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been added which is called smart grids (SG). Basically,  SGs provide the system with 
the ability to operate resiliently to overcome the hardware and software issues [46]. 
Low voltage microgrids (LVMG) are integrated into DG and SD are included and 
flexible loads. This system can be operated by conventional methods or as an 
intelligent system to operate in an auto mode to isolate and restore the supply without 
human interference. DGs can provide the reliable system and efficient sources if 
controlled and managed properly[47]. 
2.5.1 Sectionalizing and self-healing    
Self-restoration or healing is a term describing any electrical distribution system able 
to detect any failure, isolate it and restore the supply to the other healthy equipment. 
This system should have the fastest response to identify the failures, either on the 
source side or on power transmission side. As well as, the restoration should be 
operated to avoid any wrong restoration to the faulty equipment[48, 49]. As an 
illustration, there are two stages of self-healing system based on the required action: 
firstly, the isolation stage which is monitoring fault passage indicators (FPI) to verify 
the faulty equipment, and isolate the faulty portion by opening the circuit breakers 
(CB) before and after the faulty portion. Secondly, the restoration stage which is 
activated after sectionalizing the faulty equipment by closing the upstream to the 
healthy equipment and restore the supply. Both stages could include another action 
like load transferring, load shedding and increasing number of used generators. 
However, the self-healing system should be designed to fulfil the distribution 
network requirements at any time to overcome maximum demand issues. To put it 
another way, the level of complexity for restoration depends on the level of used 
distribution electrical systems in terms of number of the substation, transmission line, 
and other integrated resources. Whereas the reliability performance for self-
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restoration is typically measured speed, the stability of the system, number of 
energised equipment. Thus the definition has given the resiliency of distribution 
power system a comprehensive understanding much better than before. The studies 
of self-healing were inspired by power distribution research last decades[26, 50, 51]. 
The centralised control system has the ability to do a comprehensive topology for the 
whole circuit before starting any action, and take a number of complex actions in 
addition to considering the contingency plans and predictions for the network failures 
and its forecasted parameters.  Decentralized systems have not been considered 
widely which can meet self-healing requirements. Notably, there are some factors 
which have changed directions away from decentralised research studies and can be 
summarised as follows: Firstly, the various inputs which are provided to the 
centralised system are creating a comprehensive decision with a minimum of failed 
decisions. Nonetheless, to make the decision, it needs many successful factors 
including all these inputs which create easier decisions. Secondly, the absence of 
monitoring the distribution electrical system elements has created a dissatisfaction 
situation to the decentralised scheme. However, the communication in the 
decentralised scheme is not required to make the decisions with the lowest cost. As 
an illustration, to make the decision in centralised scheme, it has to take the actions 
when all inputs available,  and the central supervisory controller is inactive as well. If 
the central supervisory failed, the decisions will not be taken and the whole system 
stop. The decentralised scheme approach is shown the flexibility to create decisions 
without any complications. The multilayer system was proposed to create the 
interactions between the electrical system elements in different levels [52, 53]. The 
first level is the lowest layer which needs to drive the reactive operations. The second 
level is the middle and the highest layer which required for the complex operations 
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and strategies. Middle and high level have the ability to perform properly depending 
on sensors, computational calculations, and communication as an input to make the 
right decisions. Normally, these inputs are monitored in real time for fast restoration 
purposes.     
2.5.2 Decentralized schemes in MGs 
 
Recently, the studies have shown a significant interest in interactions between multi-
agents systems (MAS). It provides an intelligent control system to make the right 
decision on large-scale networks in a synchronised mode. Another key to remember, 
it is a communication platform to facilitate these interactions. An algorithm [3] 
proposed to integrate DGs by using Multi-Agent System (MAS ) in stand-alone 
mode, built to be in three stages in the algorithm. Firstly, the private network is 
scheduled to meet the local demands. Secondly, exporting power and competing for 
selling energy to customers with best prices. Thirdly, view the current plans for each 
MG and reschedule it individually to meet the demand for internal and external 
consumers. In the study, the interactions of energy management (EM) were 
demonstrated in two levels to achieve the optimum utilisation of MGs firstly, the 
interaction level between MGs and active distribution network (ADN) secondly, the 
interaction between the MGs itself level[54]. The internal interactions between MG 
entities can be managed by combining MAS and Island mode algorithm. This 
scheme is activated when the main agent in the centralised scheme is lost and lead to 
trigger the internal interactions algorithm[55]. Other different approaches have a 
vision to employed decentralised schemes for MG interactions. They evaluate all 
gaps in MAS method, and its structuring an employ it to develop decentralised 
systems. In [56]had introduced a study shows that the load sharing in MGs can be 
solved by using an algorithm based on electrical distribution network parameters. As 
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an illustration, this method depends on the drop ratio between  R and X value of the 
network. Therefore, any change in R/X the decentralised system will start actioning 
based on the algorithm. Having said that, in [43] shows that community energy 
storage (CES) can be integrated into a trade-off system to control loads sources for 
all customers. In view of this method, the study was built a schedule for customers 
who have PVs to sell the surplus energy for the electrical distribution network. 
Moreover, the consumers should have a  plan for their next day consumption to 
minimise the decentralise scheme problems. 
2.5.3 Load demand sharing by Microgrids       
 
The DGs have to be integrated into electrical distribution network by using 
convertors or invertors, which increase the ability to improve the output power in 
digital controllers for inverters and converters. These electronic components, used in 
digital converters, create new and different problems. MGs have given a great 
solution to control all these DGs and to reduce the effect of the electronic issues like 
resonance as well. MG also can provide the electrical distribution network with a 
high level of power management schemes, in addition to the ability to control the 
loads in island mode by using load shedding strategy to feed the critical loads. In 
light of MGs development, they have provided a vision for future generation of grids  
[57, 58]. When the MGs are stand alone in island mode, all the connected DGs are 
sharing the loads by using the voltage and frequency in the decentralised scheme. 
Although  MG controller dominates the loads, the output power stability has a 
negative impact due to resistive loads. The active power is shared accurately at 
steady state but the reactive power is very sensitive to mismatching feeder 
impedance[59, 60].  
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2.6 Interactions between batteries and microgrids sources 
The integration of DGs into electrical distribution network has an impact on voltage 
stability, which depends on the number of integrated DGs. Therefore, the high 
number of DGs connected to the network could have a significant impact on 
stability. Moreover, the switching on a loaded transmission line can influence on 
voltage stability and power-sharing by increasing the drawn current, which leads to 
unplanned outages for some parts of the electrical distribution circuit.  Despite this, 
MGs have the capability to improve the distribution network stability and allow the 
electrical system to be more flexible to operate within larger limits.   BESS is an 
integrated solution to overcome the peak demand issues and to provide the electrical 
network with high stability during high loads switching operations. Supercapacitor 
storage devices were studied in[61]. The optimum operations for strategies and cost 
were raised in [62] as a multi-objective method which aims to optimise costs and 
reduce MGs emissions. CERTS has proposed a solution to control the BESS level by 
managing the energy levels within dedicated limits for MGs operations. Thus this 
solution improves the MG activities and keeps it under control [63]. With this in 
mind, some investigations were conducted to study the exporting and importing 
interactions which aimed to figure up the optimum strategies to control the BESS for 
a limited period [64-66]. The artificial intelligence technology is another way to 
control DGs and to perform the complicated operations by using self-learning 
algorithm to control the load sharing among all MGs entities. Furthermore, ANN 
modelling technique was proposed to evaluate the stability of the voltage for radial 
distribution electrical networks[67]. The active and reactive power are considered as 
vectors for the input layer. The used model propose a hidden layer and output layer 
which was validated on IEEE 33 bus test. The ANN-based proposal was presented 
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in[68] to improve the auto restore process for unplanned interruptions. This solution 
is used to restore the supply for two types of faults in electrical distribution network: 
trees and animal on overhead line conductors (OHL).  The whole BESS operations 
were studied in [69, 70] and proposed to control the activities of BESS with different 
scenarios in  [71-74] and to control active power which was presented in [70]. The 
integration of BESS with WTs farm was studied in [72], which presents a method to 
regulate the interrupted power from WT. Similarly, the interactions among PVs, 
Diesel generator and BESS were demonstrated in [73]  for an implemented project.  
 
2.7 Protection systems in MGs  
 
Electrical distribution network consists of two parts: the transmission line which 
includes cable and overhead lines and the electrical equipment such as transformers, 
switch gears, relays, generators, loads, etc.  When one or more of these components 
have a failure, the fault current leads to damage the other electrical distribution 
component. Therefore; the protection system is very important to be installed with 
dedicated criteria as follows[75] :     
1. Sensitivity: the protection relays should be able to pick up the fault current as 
per designed threshold. 
2. Selectivity: the relay should only isolate the faulty equipment without 
isolating unwanted equipment.  
3. Fast: protection system should respond quickly to any failure in the system to 
protect the other equipment from the damage. 
4. Dependency: protection relay should be operated when required to operate.  
5. security: which means relay should not operate when it is not required to 
operate  
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6. Redundancy: which means if the main protection system fails to isolate the 
fault, a redundant protection system should operate accordingly.  
7. Cost:  the highest protection with the lowest cost. 
MGs operates in connected mode and synchronised to the electrical distribution 
network. When the system has failed from the upstream side, the protection system 
isolates the MG to work in island mode. If  MG has faults in one of its entities, the 
protection should isolate this input. The traditional relays like overcurrent and earth 
fault, could not be performed perfectly in this scheme since the current in some 
entities is bi-directional. Therefore, if the MG use a normal relay, for batteries fault 
in island mode, the normal relay will not respond. In this case, the bi-directional 
relay should be used to overcome this issue. 
The adaptive protection system is recommended to be used in MGs and DGs due to 
its ability to solve overcurrent problem by changing the setting of the relay based on 
MGs and DGs configurations. Therefore, this protection scheme is considered an 
online system, has the ability to modify the protection setting based on the changes in 
the conditions or requirements[76].  
The following points should be considered to implement the adaptive MG protection  
scheme : 
1. The used relay should be digital and programmable, have the ability to work 
as a directional relay. 
2. The relay should have different groups of tripping characteristics and can be 
parameterized locally or remotely  
3. The relay can be connected by using all available communications types and 
transmission media. 
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The MV fault for connected MGs has cleared straight away by opening the CBs of 
all DGs. Therefore, the zones of protection schemes are defined before designing any 
protection system. Furthermore, grading level is grouped based on the tripping level; 
every relay located at the same level should have the same tripping time. MG has 
two levels of protections on LV   and MV side. Suppose that MGs connected on LV 
side, the protection has only installed on MV side in addition to transformer fuses. 
The fuses for transformer need to operate within 100 to 200 ms at MV side. 
However, on LV side, the faults need to be cleared between 500 to1500 ms. 
Therefore; the MV side detects the LV fault and consider it as a high load. Mostly, 
transformers have Δ – Υ connection, and on Δ side, the zero sequence is not seen by 
the protection on MV side because of no earth connection. Therefore, another 
protection scheme on LV side should be used to isolate the MG in island mode for 
any fault either upstream or downstream. However in [77, 78], two different solutions 
are given firstly, to accept the fault on the upstream can lead for interruption 
secondly, additional devices can be connected to the DGs to trip upstream and 
change MG status from connected to island mode. The MV faults can lead MGs to 
have a complex case not easy to deal with it. If the fault occurred on the LV side, the 
fuses should blow very fast and isolate the MG from the electrical distribution 
network. If the fuses have failed to isolate the MG, the faulty transformer will stay 
connected to the MG. When the fault occurs on the upstream, isolation should 
happen to clear the fault. The faulty feeder should be isolated after the MG 
disconnection until clearing the fault [79-81]. When the architecture of MG is very 
complex, the protection grading system should be performed by using an intelligent 
system which has a connection to and controls all units in a centralised system. This 
system can coordinate all entities such as DGs and load for any faults on the 
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upstream. Island mode could be difficult to have passage fault indicator (PFI) to 
locate the fault because it has not any communication platform to monitor the 
electrical system and receive the data. Moreover, the normal directional protection 
relays, are difficult to work in auto to detect and configure itself from the high 
current to the lower current. The high impedance of MG could lead to operating two 
relays close to each other. Thus, both relays are going to be operated and actioning 
the tripping circuit.   
2.8 Solar irradiation in Australia      
 
The rate of solar energy which arrives at the surface of the earth from the sun called 
direct solar irradiation.This rate is measured by a pyrheliometer fitted on a solar 
tracker to ensure that the beam of the sun always aligned directly to the sensor, all 
the day. To get the exact energy irradiation, the horizontal components are required 
as well. International energy agency (IEA 2003 )  reported that Australia is one of the 
most continents which has the highest solar irradiation/m2. The average of received 
energy about 58 x 106 PJ/ year. This amount of energy is 10000 more than 
consumption, therefore; if we can convert 0.1% of received energy, it will have 
really a high impact on economic and environment. Likewise, Australia electricity 
needs can be covered by 50 X 50 Km solar plant. This large amount of unused 
energy is a big challenge for Australia to find the reliable and effective methods to 
exploit this resource. Normally, Australia has the highest solar radiation located 
inland. Notably, solar plants in these areas have a high solar radiation.  In 2008, 
Wyld group and MMA had appointed the most suitable areas for solar thermal plants 
based on the high levels of solar radiation, load demand and costs from renewable 
sources [82]. 
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Ausgrid is a distribution company located in NSW(www.Ausgrid.com.au ), has 
shown output power for a plant in NSW  2291, Newcastle. Figure 2.7 shows the 
normal daily PV outputs in NSW and Figure 2.8 shows monthly output power for 
2012  - 2013. 
Figure 2.7 Normalize PV output power in NSW 
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Figure 2.8 Average powers (2012-2013) for PV plant in NSW 2291 
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2.9 Conclusion 
Chapter two presents the review of studies and research conducted by scholars in 
MGs, DGs, and BESS, in addition to the impact of these systems on the electrical 
distribution network. It shows the positive impact of  DGs on the electrical 
distribution network in term of increasing the system reliability and availability. On 
the other hand, its negative impact on the electrical distribution network regarding 
voltage stability and power quality during the switching on high loads. Furthermore, 
it presents that MGs can provide the electrical network with a resilience sources and 
systems to overcome the physical and software complications. MGs provide a 
solution of direct connection impact of DGs into the electrical distribution network. 
Sectionalizing and self-healing are presented in this chapter with a comprehensive 
literature review on decentralise scheme in self-healing. It can be performed without 
any communications, however, in the centralised scheme, many inputs are required 
to make the decision for isolating the fault and restore the supply. The interactions 
between BESS and DGs are also described the strategies used, including self-
learning method to control all entities and connected loads in MGs. 
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Chapter 3 : Practical study and results 
 
3.1 Introduction 
 
The previous chapter has presented the MGs and DGs and all the required 
calculations for this study. This chapter presents the numerical analysis and results 
including a comprehensive discussion of the results. Section 3.2 presents the 
fundamental base including the integration of DGs into the network. Section 3.3 
provides the experimental steps were followed. Section 3.4 is the implementation 
part which shows step by step experimental procedure. The validation with different 
cases is presented in section  3.5, while section 3.6 shows the conclusion. 
3.2 Fundamental study 
 
It has been discussed in chapter two about the power network reliability indices and 
its impact on the network. The configuration of MGs network is based on ASIFI 
indicator[11]. With this in mind, MGs size, location is configured to reduce ASIFI, 
losses and improve the voltage profile on every busbar.   
3.2.1 Power flow for modelling radial circuit 
 
The method is presented based on radial electrical circuit For power flow calculation 
[83]. The equations are defined by calculating every bus load. Figure 3.1 shows the 
single line diagram (SLD) for radial electrical circuit describe every bus and branch 
loads on the same bus.  Suppose that busbar number is n, the equations are defined as 
follows [2] :   
 
 
𝑃𝑃𝑖𝑖+1 = 𝑃𝑃𝑖𝑖 + 𝑟𝑟𝑖𝑖 (𝑃𝑃𝑖𝑖2 + 𝑄𝑄𝑖𝑖2 )(𝑉𝑉𝑖𝑖2 − 𝑃𝑃𝑖𝑖+1 ) 
 
(3.1) 
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𝑄𝑄𝑖𝑖+1 = 𝑄𝑄𝑖𝑖 − 𝑥𝑥𝑖𝑖 (𝑃𝑃𝑖𝑖2 + 𝑄𝑄𝑖𝑖2 )(𝑉𝑉𝑖𝑖2 − 𝑃𝑃𝑖𝑖+1 ) (3.2) 
The bus voltage is given as Eq. (3.3) which is defined as follows: 
𝑉𝑉𝑖𝑖+1 = �𝑉𝑉𝑖𝑖2 − 2(𝑟𝑟𝑖𝑖𝑃𝑃𝑖𝑖 + 𝑥𝑥𝑖𝑖𝑄𝑄𝑖𝑖) + (𝑟𝑟𝑖𝑖2 + 𝑥𝑥𝑖𝑖2)(𝑃𝑃𝑖𝑖2 + 𝑄𝑄𝑖𝑖2 )𝑉𝑉𝑖𝑖2 (3.3) 
Given that line impedance is 𝑍𝑍 𝑖𝑖 which is represented by  𝑟𝑟 𝑖𝑖 and 𝑥𝑥 𝑖𝑖  . The power 
flow equations are represented by  Pi,Qi and Vi  however, the branch loads are 
represented by𝑝𝑝𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝑞𝑞𝑖𝑖 . These equations are called DistFlow. To represent power 
flow for MGs, 𝑝𝑝𝑖𝑖𝐺𝐺 𝑎𝑎𝑎𝑎𝑎𝑎 𝑞𝑞𝑖𝑖𝐺𝐺are stated as DG parameters integrated and connected into 
MG. The loads demand are represented by 𝑝𝑝𝑖𝑖𝐷𝐷 and 𝑞𝑞𝑖𝑖𝐷𝐷 , and Eq. (3.4) and (3.5) show 
the calculation as follows: 
𝑝𝑝𝑖𝑖 = 𝑝𝑝𝑖𝑖𝐷𝐷 − 𝑝𝑝𝑖𝑖𝐺𝐺 (3.4) 
𝑞𝑞𝑖𝑖 = 𝑞𝑞𝑖𝑖𝐷𝐷 − 𝑞𝑞𝑖𝑖𝐺𝐺  (3.5) 
3.2.2 Power Losses 
Figure 3.1  represents SLD for the radial electrical circuit without any MGs or DGs 
sources. 𝑃𝑃𝑖𝑖  𝑎𝑎𝑎𝑎𝑎𝑎 𝑄𝑄𝑖𝑖 show the drawn power passing in branch i. However,  𝑝𝑝𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝑞𝑞𝑖𝑖  
represent the drawn load powers at bus i. The total power losses at bus n [84]: 
Figure 3.1 SLD for radial electrical circuit 
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 𝑃𝑃𝐿𝐿 = �𝑃𝑃𝑖𝑖2 + 𝑄𝑄𝑖𝑖2|𝑉𝑉𝑖𝑖|2 𝑅𝑅𝑖𝑖𝑛𝑛
𝑖𝑖=1
 
 
(3.6) 
After adding DG source as shown in Figure 3.2, the total losses are represented as 
given by Eq. (3.7): 
  
𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿 = �𝑃𝑃𝐿𝐿𝐿𝐿𝑖𝑖+12 − 2𝑃𝑃𝑖𝑖𝑃𝑃𝐿𝐿𝐿𝐿𝑖𝑖+1|𝑉𝑉𝑖𝑖|2𝑘𝑘𝑖𝑖=1 𝑅𝑅𝑖𝑖 + �𝑎𝑎𝑖𝑖+12 𝑃𝑃𝐿𝐿𝐿𝐿𝑖𝑖+12 − 2𝑄𝑄𝑖𝑖𝑎𝑎𝑖𝑖+1𝑃𝑃𝐿𝐿𝐿𝐿𝑖𝑖+1|𝑉𝑉𝑖𝑖|2𝑘𝑘𝑖𝑖=1 𝑅𝑅𝑖𝑖 + 𝑃𝑃𝐿𝐿 (3.7) 
 
 
  
3.2.3 Network ASIFI indicator  
 
The Average System Interruption Frequency Index (ASIFI) calculation depends on 
the load[11]. In other words, this indicator is used to calculate the network 
performance based on the percentage of interrupted connected loads to total 
connected served load as given in Eq. (3.8). 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = ∑ 𝐴𝐴𝑎𝑎𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝑝𝑝𝐼𝐼𝐼𝐼𝑎𝑎 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝐼𝐼𝑐𝑐𝐼𝐼𝐼𝐼𝑎𝑎 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎𝑙𝑙
∑ 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝐼𝐼𝑐𝑐𝐼𝐼𝐼𝐼𝑎𝑎 𝑙𝑙𝐼𝐼𝑟𝑟𝑠𝑠𝐼𝐼𝑎𝑎 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎𝑙𝑙   (3.8) 
   
Figure 3.3 shows the interruption impact on ASIFI for every scenario in an electrical 
network. The difference between ASIFI1 and ASIFI2 is given in Eq. (3.9). 
 
∆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖+1 
 
(3.9) 
 
 
Figure 3.2 SLD for radial Electrical circuit after adding DG 
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3.2.4 MG location and size  
 
In 3.2.1 shows how to calculate ASIFI and ΔASIFI for every scenario. The highest 
impact of interruption on dedicated busbar is demonstrated by the highest value of 
ΔAISIFI. Figure 3.3 has an example for five busbars, with all busbars load is 
identical (1/5 KVA), and all cables have the same power losses. 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 1 = 4/5
1
 = 4
5
 
 
(3.10) 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 2 = 3/5
1
 = 3
5
 
 
(3.11) 
 
ΔASIFI = 
4
5
−
3
5
 = 1
5
  
 
 
(3.12) 
If the main source is lost, then ASIFI will be 1. On the other hand, if the cable 
between bus 1 and bus 2 has a fault, the ASIFI will be 4/5 and so on. ΔASIFI in the 
 
Figure 3.3 ASIFI scenarios examples for interrupted network 
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above case for all scenarios is always similar because of identical loads. If the loads 
are not identical, ΔASIFI will be high on busbar with high load. To reduce ASIFI to 
a minimum, the MG should be installed at a point which has the maximum ASIFI 
impact. Therefore, the size and location are calculated as Eq. (3.13) and (3.14): 
𝐵𝐵𝐼𝐼𝑙𝑙𝑖𝑖 =  𝛥𝛥𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖  𝑖𝑖𝑖𝑖 ∆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 >  ∆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖+1 (3.13) 
𝑀𝑀𝑀𝑀𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 =  �𝐴𝐴𝐵𝐵𝐼𝐼𝑙𝑙𝑖𝑖 (3.14) 
However, Eq. (3.13) and (3.14) define the size and location, but still does not show 
the number of MGs which are required to be used. Therefore, another factor is added 
to select the numbers of MGs based on voltage violation by using Eq. (3.3). 
Moreover, the minimum losses can be achieved by using Eq. (3.7).  
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The following flowchart shows the algorithm to find the size, location, and number 
of MGs to be used:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Algorithm flow chart to select size, location  
 
Initiate IEEE 33 bus test 
No. of Buses n =33 
Load flow to calculate 
P, Q, Losses and 
voltage for all busses 
Calculate ASIFI i  
= ∑ 𝑆𝑆𝑖𝑖
𝑖𝑖
0
∑ 𝑆𝑆𝑖𝑖𝑛𝑛1
 
scenario 
i = n 
Fault at 
line (i, i+1) 
i=i+1 
∆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 = |𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖+1| 
𝐵𝐵𝐼𝐼𝑙𝑙𝑖𝑖 = ∆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖        
                  i = n-1 
NO 
yes 
i > 1  
𝐵𝐵𝐼𝐼𝑙𝑙𝑖𝑖 = 𝑀𝑀𝑎𝑎𝑥𝑥   
i = i+1 
�𝐴𝐴𝑆𝑆𝐼𝐼𝑙𝑙𝑖𝑖 
Terminate 
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3.2.5 Integration of microgrids into the network 
 
The output results of the flow chart in Figure 3.4 presents the total output of MG 
power. The total power should always be fixed during 24 hours to ensure the power 
availability at any time as follows in Eq. (3.15):  
 
 𝑃𝑃𝑀𝑀𝐺𝐺 = 𝑃𝑃𝑃𝑃𝑃𝑃 +  𝑃𝑃𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆 
 
(3.15) 
   
Where 𝑃𝑃𝑀𝑀𝐺𝐺  is the MG output power,  𝑃𝑃𝑃𝑃𝑃𝑃 is PV power and 𝑃𝑃𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆 is BESS output 
power. For charging and discharging, BESS Eq. (3.16) and  (17) are formulated to 
model BESS at any time at t hour[84] : 
 
𝐸𝐸𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖(𝐼𝐼) =  𝐸𝐸𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖(𝐼𝐼 − 1) − 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑ℎ (𝑡𝑡)𝜂𝜂𝑑𝑑 Δt, for (t)>0 
 
(3.16) 
 𝐸𝐸𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖(𝐼𝐼) =  𝐸𝐸𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖(𝐼𝐼 − 1) − 𝜂𝜂𝑐𝑐𝑃𝑃𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖𝑐𝑐ℎ (𝐼𝐼)Δt, for (t)≤0 
 
(3.17) 
   
𝐸𝐸𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖 is energy store in BESS,  𝑃𝑃𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖𝑑𝑑𝑖𝑖𝑠𝑠𝑐𝑐ℎ and 𝑃𝑃𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑖𝑖𝑐𝑐ℎ  represent BESS for discharging 
and charging; 𝜂𝜂𝑑𝑑 and 𝜂𝜂𝑐𝑐 represent efficiency factor for charging and discharging. The 
minimum and maximum state of charge (SOC) is 20% to 90% respectively [36]. The 
proposal of integrating the PV and BESS to keep the system always available is 
modelled in   figure 3.5. The figure shows how to run PV and BESS integrating to 
one MG. the load profile has covered for 24 hours by both systems with some gaps. 
This is used to reduce the drawn power from the sources, reduce the losses and 
increase reliability when the main supply is failed to keep supply running.  
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Figure 3.5 Charging and discharging model for PV and BESS integration 
3.3 Procedure 
In this study, an algorithm is proposed to increase system reliability, availability and 
reduce the losses by integrating PVs and BESS. The algorithm is based on ASIFI, 
which is considered as an indicator to evaluate the system interruption. Eq.(3.12) and 
figure 3.4 show the selection criteria of MGs sizes and locations for all scenario in 
the circuit based on ∆ASIFI. However, to find the optimum number of MGs, another 
two factors are added based on voltage profile and losses. The algorithm takes 
different ways to solve the problem and define the system configurations. When the 
algorithm determines the size, location, and number of MGs, it will calculate the 
percentage share for PVs and BESS based on availability. However, PVs have the 
priority to share the maximum available output power at the time of restoration. Each 
MG makes its own optimal decisions, taken into consideration that, the minimum 
allowed discharging and maximum charging must be between 20% and 90% 
respectively. MGs entities interactions between PVs and BESS models are structured 
based on an algebraic algorithm to maintain the MG output power functioning in line 
with load profile. The total power of PV and BESS should meet the load demand 
requirements. The algorithm is presented by a flowchart to verify the interactions 
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between the PV and BESS for sharing the power during the day.  Figure 3.6 shows 
algorithm flow chart. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.1 DigSilent Power Factory SP3 
 
DIgSILENT is a software used as a tool to calculate and analyse distribution, 
transmission, and generation plants. The software is able to be integrated with an 
interactive package to analysis the electrical control systems for operation and 
optimisation purposes. The software is very friendly and used to build any SLD, 
configure it and analyse the circuit regarding load flow, faults calculations and 
operations scenarios. The version which used in this research is SP3. The software is 
used in MGs and DGs studies [85-88]. 
 
 
Figure 3.6 Interactions algorithm flow chart in MG 
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3.3.2 Modelling the Bus test  
 
The modelling 33 radial bus tests is a distribution network which is widely used in 
literature studies for MGs and DGs [54, 84, 89, 90]. Figure 3.7 presents the single 
line diagram with 32 branches with total peak demand 3.71 MW and 2.3 MVAR. 
The voltage level is 12.66 kV with 0.21 MW total losses. Figure 3.8 is configured 
based on data are provided in Table A.1 in Appendix [83]. The load flow is 
conducted by Power Factory SP3, and the total summary of results is shown in 
Figure 3.9. 
 
 
 
 
 
 
Figure 3.7 DIgSILENT Power Factory 2017 
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Figure 3.8 SLD for 33 bus test system 
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3.3.3  Validation of algorithm 
 
1.  A load profile is used to validate the algorithm for a substation in NSW 
postcode 2291 in Newcastle. The profile was provided by Ausgrid 
(www.ausgrid.com.au). The data is given in Table A.3 in Appendix. Figure 
3.10 shows the average load profile on Sep 2013 for one day.  
 
 
Figure 3.9 Load flow analysis for 33 bus test system using DigSilent power factory SP3 
 
Figure 3.10 Average load profiles for Sep 2013 
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2. The generation profile was given by Ausgrid for the same area code 2291. 
The output power is normalised to be compatible with the 33-bus test. Table 
A.2 in Appendix shows the average solar power and figure 3.11. 
 
3.3.4 Implementation Steps  
 
Finally, the steps are implemented based on the methods presented in this research 
and can be demonstrated. Figure 3.4 shows a flowchart for MG size, location, and 
the total number of MGs. Figure 3.6  shows flow chart to define the interaction 
protocol between  PV and BESS in the MG. The steps can by summarised as 
follows:   
1. Build the 33-bus test radial system with all configuration. 
2. Run load flow to define losses, voltage, and peak loads by using Power 
Factory SP3. 
3. Calculate ASIFI and Δ ASIFI to find the MGs locations 
4. Define the number of MGs from ΔASIFI calculation with minimum voltage 
violations and losses.  
 
Figure 3.11 Average generation profiles for Sep 2013 
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5. Calculate the required peak demand to define the determined MGs sizes.
6. Implement the new modification by connecting the defined MGs integrated to
calculated PVs size and location and run load flow again to figure up
voltages, losses and peak loads on buses.
7. Using Load profile, PV generation profile to define the interactions between
PV and BESS  during the day.
8. Calculate the ASIFI after using PV and BESS.
9. Run load flow to find losses, voltage after installing PV and BESS.
3.4 Data implementation  
3.4.1 Determine MGs Locations on 33 – bus test 
The 33 bus test is demonstrated in section 3.3.2  . The load flow calculations were 
conducted as shown in Figure 3.8. The load busbars in this circuit are significantly 
different. They are starting from 54.8 to 632.46 KVA. The total load of the circuit is 
4548.55 KVA which represent the total complex power for all load busbars. To 
figure up the impact of the MGs locations on power losses, power flow calculation is 
adopted as demonstrated in section 3.2.1 after MGs integration. The solution is to 
calculate ASIFI for every cable portion of the circuit. Assumed that every cable 
portion is out of service, by disconnecting the portions one by one for every stage, 
and verify the impact on all circuit by calculating ASIFI for every busbar which is 
defined in section 3.2.3. The ASIFI impact presented and shown in Figure 3.12. 
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The optimum location for MGs is calculated based on Eq. (3.9).  Figure 3.13 shows 
the ΔASIFI impact on each busbar. 
From figure 3.13, all red points represent the optimum location for MGs based on 
ΔASIFI. However, only one point is selected for busbars 7 and 8 because both have 
the same ΔASIFI, and very close to each other. The trend shows busbar 6 has the 
highest impact if MG is installed there. On the other hand, busbars 11 and 15 show 
the lowest impact on this circuit. The busbar location is selected based on the 
increment change on the trend. The busbar 1 is omitted from this trend because of the 
 
Figure 3.13 MGs locations on 33 bus tests 
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Figure 3.12 ASIFI for every portion 
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purpose of this study is using MGs, and busbar 1 is connected directly to the main 
supply source. Busbars 24 and 25 are selected since both have the same ΔASIFI 
impact.  
3.4.2 Optimum MGs sizes  
After locating the MGs based on ΔASIFI, the size is calculated based on MG 
location. The MG size should comply with following conditions:  
1. All connected MGs provide the required power to meet load demands.
2. Generated power should not be higher than consumption.
3. In connected mode, all busbars are without any voltage violation.
4. Power losses should be the minimum.
5. The above should be applicable either in connected or in island mode.
Typically, the required load at any point should be the total loads in addition to 
losses as follows: 
𝐿𝐿𝑐𝑐𝑎𝑎𝑎𝑎 𝑎𝑎𝐼𝐼𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 =  �𝑐𝑐𝐼𝐼𝑙𝑙𝐼𝐼𝑐𝑐𝑑𝑑𝐼𝐼𝑟𝑟 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎𝑙𝑙 + 𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝐼𝐼𝑙𝑙 (3.18) 
In 33 bus test, we consider the peak demand. Therefore the calculations are 
conducted to comply with the maximum required load anytime, and the equation is 
to be: 
 Table 3.1 shows the calculation based on Eq.3.19 on 33 bus tests and the interrupted 
loads on MG locations. ASIFI and ΔASIFI are calculated using eq. 3.8 and 3.9. As 
an example, if the cable portion 31-32 is faulty, the system is supposed to 
 𝐿𝐿𝑐𝑐𝑎𝑎𝑎𝑎 𝑎𝑎𝐼𝐼𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎  𝑐𝑐𝑎𝑎 𝐵𝐵𝐼𝐼𝑙𝑙𝑖𝑖 =  ∑𝐴𝐴𝑎𝑎𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝑝𝑝𝐼𝐼𝐼𝐼𝑎𝑎 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎𝑙𝑙 + 𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝐼𝐼𝑙𝑙 (3.19) 
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sectionalize this faulty portion and restore the supply by MG on bus 32. The required 
demand on this point, as per eq. 3.19, is equal the total interrupted load in addition to 
total losses which are equal 0.31 + j 0.17 MVA with losses reduction of about 21.8% 
(decreased from 211 KW to 165 KW).  
Figure 3.14 presents the ΔASIFI and losses if one MG is connected to supply the 
interrupted area. Figure 3.14 shows the lowest power losses if one MG is installed at 
2 or 3. The total losses from the upstream side (main source) are to be zero, however, 
if one MG is connected to bus 25, total losses are to be the highest. On the other 
hand, bus number 6 shows a significant impact on ΔASIFI which influences the total 
restored supply with reasonable power losses. However, the system is not secure to 
ensure the supply availability for all branches. As an example, if we have multiple 
faults, the first fault in cable portion 6-7 and another fault in cable portion 14-15 
which means all buses (15, 16, 17, and 18) without supply.  
TABLE 3.1 required power and losses calculation for suppling the interrupted load by one MG 
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Figure 3.15 shows that if all MGs are used as per Figure 3.13, the ASIFI average is 
the lowest. On the other hand, if one substation is used ASIFI Average is the highest. 
Therefore, in 33 bus test, MGs are going to be fitted on buses 
(2,3,6,8,14,24,25,30,32). To calculate the new design by using all nine MGs, new 
size calculation should be considered to comply with all conditions as mentioned 
above. Eq. 3.20 determines the actual size of MGs if they are connected all together: 
Figure 3.15 Average of ASIFI based on number of used MGs 
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𝑀𝑀𝑀𝑀𝑛𝑛𝑠𝑠𝑛𝑛 =  �𝑖𝑖𝑎𝑎𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝑝𝑝𝐼𝐼𝐼𝐼𝑎𝑎 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎 −  �𝑀𝑀𝑀𝑀𝑢𝑢𝑠𝑠𝑠𝑠𝑑𝑑 + 𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝐼𝐼𝑙𝑙 (3.20) 
Table 3.2 shows MG sizes for every bus location. To validate this calculation, MGs 
are fitted on the appointed locations and sizes, the analysis is conducted by using 
power factory, and the results are as follows:   
Figures 3.16 and 3.20 show the 33-bus test after integrated into above MGs in island 
mode and the results present voltage, delivered power and losses. The results in 
connected mode and island mode are similar as shown in figures 3.17 and 3.19. The 
figure 3.19 shows the integrated circuit in connected mode comply the five 
conditions in terms of voltage violation, losses and delivered power. The voltages at 
bus bars before fitting varies between 11.5 to 12.66 KV as shown in figure 3.18, and 
after fitting MGs, Figure 3.18 and 3.19, the voltages have improved to be between 
12.4 to 12.66 KV. Moreover, the power losses have reduced from 0.21 MW to 0 
MW, and the total generated power is equal to the total loads. 
TABLE 3.2 MGs sizes on every bus location 
Bus MW MVAR Portion Losses KW MG size MVA
2 3.715 2.3 1-2 0 0.46+0.22j
3 3.255 2.08 2-3 0 0.365+0.16j
6 2.055 1.48 5-6 22 0.328+0.14j
30 0.62 0.81 29-30 105 0.41+0.71j
8 0.875 0.41 7-8 110 0.525+0.27j
24 0.84 0.4 23-24 175 0.43+0.21j
14 0.39 0.17 13-14 150 0.445+0.21j
25 0.42 0.2 24-25 185 0.44+0.21j
32 0.27 0.14 31-32 165 0.31+0.17j
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Figure 3.16 SLD for 33 bus test system integrated with MGs in island mode 
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Figure 3.17 SLD for 33 bus test system integrated into MG in connected mode 
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Figure 3.18 Voltage and losses before integration 
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Figure 3.19 After connecting MGs on the proposed bus bars in connected node 
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Figure 3.20 After connecting MGs on the proposed bus bars in island mode 
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For BESS size, the total output power for MG should not reach the appointed values 
in table 3.2. The BESS systems calculations as per eq. (3.15), eq. (3.16) and eq. 
(3.17) are as follows:  
Table 3.3 shows that the batteries capacities during 24 interruptions, with lowest and 
highest acceptable values which are between 20% to 90%. These batteries and PVs 
are integrated into MGs. Suppose that the power has been interrupted at 00:30, the 
batteries start discharging till 8:30 and the PVs start supporting the batteries to feed 
the load at 6:00. At 8:30 PVs are able to take the whole load and start charging the 
batteries. However, the batteries are 20% at 8:30 as shown in table 3.3. Between 8:30 
till 14:30 PVs are feeding the required load and charging the batteries. At 14:30 till 
17:30 (sunset), PVs are not able to feed the required load. Therefore, the batteries 
start supporting the PVs to feed the required load. PVs stop feeding, and the batteries 
are only the source of loads at 17:30 till 00:00. Figure 3.5 describes the charging and 
discharging for batteries and PVs. 
  TABLE 3.3 BESS sizes in MWh 
MWh 20% 90% 
SD1 6.6616 1.33232 5.99544 
SD2 5.285798 1.585739 4.757218 
SD3 4.749977 1.424993 4.274979 
SD4 5.937471 1.781241 5.343724 
SD5 7.602859 2.280858 6.842574 
SD6 6.227104 1.868131 5.604394 
SD7 6.444329 1.933299 5.799896 
SD8 6.37192 1.911576 5.734728 
SD9 4.489308 1.346792 4.040377 
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3.5 Study outcome  
 
Three scenarios are provided in this section to validate the designed circuit, in order 
to define the impact of MGs and SDs on ASIDI. The cases are as follows :  
Case 1: calculate the ASIDI impact by using PVs only integrated to MG. 
Case 2: calculate the ASIDI impact by using PV and SD integrated to MG. 
Case 3: calculate the ASIDI without any alternative source. 
3.5.1 Case 1 
 
A complete shutdown is supposed on upstream at the main source for one day to 
calculate the ASIFI after installing the PVs. The electrical distribution network is 
proposed in section 3.3.2, and the locations and sizes are proposed in section 3.4.1 
and 3.4.2. The data is obtained from Ausgrid for load profile and PV output power 
which were regulated to be suitable for our calculations. Figure 3.21 shows the 
regulated data from Ausgrid for load profile and PV output power.  
 
         
 
Figure 3.21 Data profile for load and PV output power in NSW 2291 
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Figure 3.22 shows load and output power profile, while the maximum demand is 
3.91 MW at 19.30 hours and maximum output power for PVs are 3.92 at 11:30 
hours.  At 8:30, the output power of PVs have equalled the required power to restore 
the supply and the restoration time is 7 hours. To find the impact of interrupted time 
on ASIFI, the time factor should be included. The final equation of it called ASIDI as 
below[11]:  
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑥𝑥 �𝑖𝑖𝑎𝑎𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝑝𝑝𝐼𝐼𝐼𝐼𝑎𝑎 𝐼𝐼𝑖𝑖𝑑𝑑𝐼𝐼 (3.21) 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  ∑ 𝑖𝑖𝑎𝑎𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝑝𝑝𝐼𝐼𝐼𝐼𝑎𝑎 𝐼𝐼𝑖𝑖𝑑𝑑𝐼𝐼 𝑥𝑥 𝑖𝑖𝑎𝑎𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝐼𝐼𝑝𝑝𝐼𝐼𝐼𝐼𝑎𝑎 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎 
∑𝑙𝑙𝐼𝐼𝑟𝑟𝑠𝑠𝐼𝐼𝑎𝑎 𝑙𝑙𝑐𝑐𝑎𝑎𝑎𝑎 (3.22) 
Figure 3.22 Restoration time 
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In this case, eq. 3.21 is valid due to the whole circuit interruption from upstream. 
Accordingly, the interrupted load is the whole connected load at the same time. The 
ASIDI is shown in Figure 3.23: 
Figure 3.23 shows that ASIDI has increased gradually between 0:30 till 8:30 to be 8 
hours. At 8:30, when the PVs output has the capability to meet the demand 
requirements, the ASIDI stopped on 8:30 till 14:30. After 14:30, when the sunset is 
starting, the PVs output power at that moment is not enough to meet the required 
power, which leads ASIDI to start increasing again to 17.5 hours in 24 hours. 
3.5.2 Case 2 
In this case, SDs are proposed to store only the PVs power using network power and 
PVs for charging when available. Figure 3.24 shows the charging and discharging 
periods to cover the required energy all the time. Therefore ASIDI and ASIFI are 
zero in this case.  
Figure 3.23 ASIDI trend 
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3.5.3 Case 3  
ASIDI, over 24 hours for 33 bus tests is considered to be the highest value because, 
if the upstream is lost, the system will be under complete shutdown and ASIDI is 
shown in Figure 3.25:  
Figure 3.25 shows that if the upstream is lost, the ASIDI will start increasing 
linearly. The total of ASIDI over 24 hours is 24. 
 
Figure 3.24 Charging and discharging for integrated PVs and BESS 
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Figure 3.25 ASIDI without any alternative source 
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3.5.4 Comparison  
In Table 3.4 shows the comparison when the PVs only are integrated into MGs, the 
availability is 7 hours. However, when BESS and PVs are integrated into MGs, the 
availability is 24 hours. On the other hand, without any alternative sources, the 
availability is 0 hours. ASIDI in the integrated system of BESS and PVs have shown 
the best results of ASIDI which is 0. On the other hand, in PVs case, the ASIDI is 
17.5 and 24 in a distribution network with any alternative sources. 
 
3.6 Conclusion  
 
The experimental procedure and the results are shown in this chapter. MGs locations 
and sizes are calculated based on ASIFI and ΔASIFI. The final model has shown 
stability without voltage violation and reduce the total loss. Three case studies have 
been included to validate the model, and the results show that the PV integration into 
distribution network has a positive impact on ASIFI and ASIDI. On the other hand, 
adding BESS system and integrating it into MGs with PVs, will increase the positive 
impact on ASIDI and ASIFI.  
 
TABLE 3.4 Comparison between ASIDI in the three cases 
  Case study  Power Availability time  ASIDI 
1 Case1 7 hours 17.5 
2 Case 2 24 hours 0 
3 Case 3 0 hours 24 
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Chapter 4 : Conclusion and future work 
4.1 Introduction 
The chapter presents the results and accomplishments of this study. As well as, the 
final conclusion which has taken from the study outcomes. Currently, most electrical 
distribution networks were built without considering plans for MGs and SGs. 
Furthermore, it depends mostly on one source located at upstream to feed the whole 
network. Therefore, any failure from the upstream side, the electrical network will be 
completely under outage. The DGs increase the reliability for the electrical 
distribution network, and the availability of the power supply. PVs should be 
integrated into MGs to restore the supply. However, to increase the reliability and 
availability, should always keep the power supply running by enhancing microgrids 
(MGs) interactions between photovoltaic (PV) plants and battery energy storage 
systems (BESS). To verify these issues, different studies have been reviewed in the 
second chapter. However, earlier studies had focused on the distribution electrical 
network impact regarding technical issues such as losses, voltage stability, etc. few 
studies have shown some investigations on electric power distribution reliability 
indices such as SAIFI. The fast penetration and growth of MGs integration into the 
electrical distribution network requires to enhance the MGs operations, interactions 
and performance by finding a new algorithm for MGs interactions among loads and 
entities.  
In [84] research, it is shown that location and size of DGs in   MGs can be defined to 
find the optimum location and size of DGs with low losses and without voltage 
violation. Likewise, [90] study tested MGs optimum location as a stand-alone system 
integrated into the electrical distribution network. Having said that, these studies 
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have failed to address the impact of locations and sizes on network reliability indices 
which are considered as a vital part of distribution network operators (DNOs). This 
study tests the reliability indices impact (ASIFI and ASIDI) on the electrical 
distribution network, by integrating PVs and BESS into MGs. The proposal and 
outcomes are addressed and presented in chapter three. 
 
4.2 Summary of results  
 
 
The literature review for MGs, DGs and operational schemes are shown in chapter 
two. The investigations on MGs and DGs provide a comprehensive view on the 
negative and positive impact of all these systems. Moreover, it has given an idea 
about the SDs and its impact on the electrical distribution network. The evaluations 
and studies on DGs and MGs show that integration concept of PV and BESS is the 
most issues which recently raised by scholars and planned for future in all 
development and industrial countries. Therefore, governments fund many studies to 
find the impact of RES, DGs, and MGs on the electrical distribution network. 
Currently, the importance of SDs has increased due to the high impact of these 
devices on economic and networks. Moreover, an exhaustive study has been 
conducted on self-healing and decentralise systems to review the intelligent used 
systems in MGs interactions including the integration into electrical network, 
decentralised schemes, BESS, the internal interactions among MGs and their entities 
and the outside layer between the MGs. Above all, the solar irradiation review has 
been detailed in chapter two for understanding and experimental purposes. 
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In chapter three, a fundamental study was conducted to review the power flow for 
network modelling how to calculate the active power, reactive power and losses. The 
equations which are given in this chapter were validated and tested by using power 
factory SP3. The experiment, procedures, and steps are presented in this chapter in 
details. On the other hand, using ASIFI and ASIDI to determine the locations and 
sizes are considered a new way to figure up the network configurations. Three case 
studies are conducted in this research to clarify the impact of PVs and SDs on the 
electrical distribution network. The final results and outcomes from this research are 
as follows:  
 
1. MGs integration to the distribution network based 33 bus test systems, has shown 
a significant impact on losses, and the voltages on buses were improved within 
the acceptable limits without any violation. 
 
2. The results show that the locations and sizes have been optimised based on ASIFI 
performance indicator. The location and sizes were validated by using power 
factory, and the results show that the generated power and the consumption 
power are equals, without any losses and the voltage deviation in the acceptable 
limits.  These sizes were calculated based on the maximum demand.     
 
3. The use of PVs, as the only alternative sources, have an impact on the ASIDI. 
However, the integration of PV and BESS into MG, leading to increase the 
network reliability and improves ASIDI results.  
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4. The charging and discharging scheme in BESS should be done under acceptable
limits which are rather constraining. The output power of BESS is limited to
definite time and depends on BESS size which effects finally on the cost and
volume.
5. This research has shown results regarding location, size, and availability.
Comparable to [84] and [90],  this research gives the DNOs the results that they
need to evaluate the electrical distribution network performance. These indices
are widely used in DNOs companies and for penalties, in case of any
interruptions, which need to be paid by DNOs.
4.3 Future work 
The experiment was conducted to find out the impact of DG and MGs on the 
electrical distribution network and ASIFI indicator. The study was carried out on 33 
bus test system for investigation purposes. Self-healing in this experiment was not 
conducted to verify switching operations which requires a complicated algorithm to 
be performed. If the switching schemes are included, they will reduce the number of 
SDs in the MGs. Accordingly, the following future work can be conducted as 
follows:   
1. The future work has to include the self-healing of the algorithm to reduce the
BESS and PVs sizes. This approach will impact positively on the total cost
and improve the system reliability to operate in the required location and time
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2. Since the DNOs are interested in reliability indices, this approach should be
included in the future work to include the other indices such as Customer
Average Interruption Duration Index (CAIDI) and Customer Minute lost
(CML). The new indices should consider the losses and the voltage violation
to reduce the impact on multiple sources and generators on the network.
3. Power quality can be included in future work since the DGs converters and
inverters have a negative influence on the electrical distribution network.
4. Protection schemes can be included as the SDs have a negative impact if the
inverter fails to block the DC. In this case, DC is going to damage the
electrical equipment which shares the same electrical distribution network. In
addition, the fault clearance calculation can be included to increase the
system reliability in case of any failure introduced in the network.
5. Load shedding scheme can be included to maximize the utilization of
available power based on loads priorities.
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Appendix 
TABLE A.1 33 bus test configurations 
Lo
ad
 T
yp
e 
Se
nd
in
g 
Bu
s 
Re
ce
iv
in
g 
Bu
s 
KW KVAR 
Ca
bl
e 
Po
rt
io
n 
Complex 
power KVA P. F
Total 
Load 
Re
si
de
nt
ia
l 
1 2 100 60 1-2 100+60j 116.62 0.86 
15
05
+7
40
j 
2 3 90 40 2-3 90+40j 98.49 0.91 
3 4 120 80 3-4 120+80j 144.22 0.83 
4 5 60 30 4-5 60+30j 67.08 0.89 
5 6 60 20 5-6 60+20j 63.25 0.95 
6 7 200 100 6-7 200+100j 223.61 0.89 
7 8 200 100 7-8 200+100j 223.61 0.89 
8 9 60 20 8-9 60+20j 63.25 0.95 
9 10 60 20 9-10 60+20j 63.25 0.95 
10 11 45 30 10-11 45+30j 54.08 0.83 
11 12 60 35 11-12 60+35j 69.46 0.86 
12 13 60 35 12-13 60+35j 69.46 0.86 
13 14 120 80 13-14 120+80j 144.22 0.83 
14 15 60 10 14-15 60+10j 60.83 0.99 
15 16 60 20 15-16 60+20j 63.25 0.95 
16 17 60 20 16-17 60+20j 63.25 0.95 
17 18 90 40 17-18 90+40j 98.49 0.91 
Co
m
m
er
ci
al
 
2 19 90 40 2-19 90+40j 98.49 0.91 
12
90
+6
10
j 19 20 90 40 19-20 90+40j 98.49 0.91 
20 21 90 40 20-21 90+40j 98.49 0.91 
21 22 90 40 21-22 90+40j 98.49 0.91 
3 23 90 50 3-23 90+50j 102.96 0.87 
23 24 420 200 23-24 420+200j 465.19 0.90 
24 25 420 200 24-25 420+200j 465.19 0.90 
In
du
st
ria
l 
6 26 60 25 6-26 60+25j 65.00 0.92 
92
0+
95
0j
 
26 27 60 25 26-27 60+25j 65.00 0.92 
27 28 60 20 27-28 60+20j 63.25 0.95 
28 29 120 70 28-29 120+70j 138.92 0.86 
29 30 200 600 29-30 200+600j 632.46 0.32 
30 31 150 70 30-31 150+70j 165.53 0.91 
31 32 210 100 31-32 210+100j 232.59 0.90 
32 33 60 40 32-33 60+40j 72.11 0.83 
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TABLE A.2 PV generation profile for plant in NSW 2291 in Sep 2013 
Time P.U - Jun 2013(Min) 
Average Output 
Power-Jun 13 
P.U - Sep 12
(Max)
Average Output Power-
Sep 2012 
0:30 0.00 0.00 0.00 0.00 
1:00 0.00 0.00 0.00 0.00 
1:30 0.00 0.00 0.00 0.00 
2:00 0.00 0.00 0.00 0.00 
2:30 0.00 0.00 0.00 0.00 
3:00 0.00 0.00 0.00 0.00 
3:30 0.00 0.00 0.00 0.00 
4:00 0.00 0.00 0.00 0.00 
4:30 0.00 0.00 0.00 0.00 
5:00 0.00 0.00 0.00 0.00 
5:30 0.00 0.00 0.00 0.00 
6:00 0.00 0.00 0.00 0.01 
6:30 0.00 0.00 0.04 0.15 
7:00 0.00 0.00 0.18 0.71 
7:30 0.02 0.07 0.33 1.31 
8:00 0.06 0.23 0.42 1.65 
8:30 0.07 0.28 0.52 2.03 
9:00 0.09 0.35 0.62 2.43 
9:30 0.11 0.43 0.75 2.92 
10:00 0.14 0.55 0.87 3.40 
10:30 0.17 0.68 0.95 3.71 
11:00 0.18 0.72 0.97 3.82 
11:30 0.23 0.92 1.00 3.92 
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12:00 0.31 1.22 0.96 3.75 
12:30 0.35 1.36 0.95 3.71 
13:00 0.31 1.20 0.88 3.45 
13:30 0.26 1.03 0.80 3.12 
14:00 0.22 0.85 0.68 2.68 
14:30 0.15 0.58 0.58 2.26 
15:00 0.11 0.43 0.44 1.74 
15:30 0.09 0.34 0.30 1.16 
16:00 0.03 0.13 0.16 0.61 
16:30 0.01 0.06 0.06 0.23 
17:00 0.00 0.00 0.03 0.11 
17:30 0.00 0.00 0.01 0.03 
18:00 0.00 0.00 0.00 0.00 
18:30 0.00 0.00 0.00 0.00 
19:00 0.00 0.00 0.00 0.00 
19:30 0.00 0.00 0.00 0.00 
20:00 0.00 0.00 0.00 0.00 
20:30 0.00 0.00 0.00 0.00 
21:00 0.00 0.00 0.00 0.00 
21:30 0.00 0.00 0.00 0.00 
22:00 0.00 0.00 0.00 0.00 
22:30 0.00 0.00 0.00 0.00 
23:00 0.00 0.00 0.00 0.00 
23:30 0.00 0.00 0.00 0.00 
0:00 0.00 0.00 0.00 0.00 
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TABLE A.3 Load profile for substation in NSW 2291, Sep 2013 
Time (hour) Load Load profile P.U Load in MW (3.92) 
0:30 0.459419 0.441749 1.731658 
1:00 0.301968 0.290354 1.138186 
1:30 0.242581 0.233251 0.914342 
2:00 0.25829 0.248356 0.973556 
2:30 0.233452 0.224473 0.879933 
3:00 0.230323 0.221464 0.868139 
3:30 0.230839 0.22196 0.870084 
4:00 0.229032 0.220223 0.863275 
4:30 0.225935 0.217246 0.851603 
5:00 0.225839 0.217153 0.851238 
5:30 0.234774 0.225744 0.884918 
6:00 0.223419 0.214826 0.842119 
6:30 0.305129 0.293393 1.150102 
7:00 0.388645 0.373697 1.464893 
7:30 0.443774 0.426706 1.672687 
8:00 0.462742 0.444944 1.744181 
8:30 0.511774 0.492091 1.928995 
9:00 0.464097 0.446247 1.749288 
9:30 0.427226 0.410794 1.610313 
10:00 0.418871 0.402761 1.578821 
10:30 0.437903 0.421061 1.650558 
11:00 0.392548 0.37745 1.479605 
11:30 0.49429 0.475279 1.863094 
12:00 0.420645 0.404467 1.585509 
12:30 0.399774 0.384398 1.506841 
13:00 0.433452 0.41678 1.633779 
13:30 0.403742 0.388213 1.521797 
14:00 0.432 0.415385 1.628308 
14:30 0.59271 0.569913 2.23406 
15:00 0.664387 0.638834 2.504228 
15:30 0.687581 0.661135 2.59165 
16:00 0.662129 0.636663 2.495717 
16:30 0.732677 0.704498 2.76163 
17:00 0.581742 0.559367 2.19272 
17:30 0.619839 0.595999 2.336315 
18:00 0.876419 0.842711 3.303427 
18:30 0.996032 0.957723 3.754275 
19:00 1.001323 0.96281 3.774216 
19:30 1.037903 0.997984 3.912097 
20:00 1.02829 0.988741 3.875864 
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20:30 0.968226 0.930986 3.649467 
21:00 1.022129 0.982816 3.85264 
21:30 0.95029 0.913741 3.581864 
22:00 1.04 1 3.92 
22:30 0.965806 0.92866 3.640347 
23:00 0.865968 0.832661 3.264032 
23:30 0.712774 0.68536 2.68661 
0:00 0.595677 0.572767 2.245246 
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TABLE A.4 ASIDI calculation for PV 
Time (hour) Load profile P.U Load in MW (3.92) 
ASIDI 
for PVS 
ASIDI without 
alternative 
resources  
00:30 0.44175 1.73166 0.5 0.5 
01:00 0.29035 1.13819 1 1 
01:30 0.23325 0.91434 1.5 1.5 
02:00 0.24836 0.97356 2 2 
02:30 0.22447 0.87993 2.5 2.5 
03:00 0.22146 0.86814 3 3 
03:30 0.22196 0.87008 3.5 3.5 
04:00 0.22022 0.86328 4 4 
04:30 0.21725 0.8516 4.5 4.5 
05:00 0.21715 0.85124 5 5 
05:30 0.22574 0.88492 5.5 5.5 
06:00 0.21483 0.84212 6 6 
06:30 0.29339 1.1501 6.5 6.5 
07:00 0.3737 1.46489 7 7 
07:30 0.42671 1.67269 7.5 7.5 
08:00 0.44494 1.74418 8 8 
08:30 0.49209 1.929 8 8.5 
09:00 0.44625 1.74929 8 9 
09:30 0.41079 1.61031 8 9.5 
10:00 0.40276 1.57882 8 10 
10:30 0.42106 1.65056 8 10.5 
11:00 0.37745 1.47961 8 11 
11:30 0.47528 1.86309 8 11.5 
12:00 0.40447 1.58551 8 12 
12:30 0.38440 1.50684 8 12.5 
13:00 0.41678 1.63378 8 13 
13:30 0.38821 1.52180 8 13.5 
14:00 0.41538 1.62831 8 14 
14:30 0.56991 2.23406 8 14.5 
15:00 0.63883 2.50423 8.5 15 
15:30 0.66114 2.59165 9 15.5 
16:00 0.63666 2.49572 9.5 16 
16:30 0.70450 2.76163 10 16.5 
17:00 0.55937 2.19272 10.5 17 
17:30 0.59600 2.33632 11 17.5 
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18:00 0.84271 3.30343 11.5 18 
18:30 0.95772 3.75428 12 18.5 
19:00 0.96281 3.77422 12.5 19 
19:30 0.99798 3.91210 13 19.5 
20:00 0.98874 3.87586 13.5 20 
20:30 0.93099 3.64947 14 20.5 
21:00 0.98282 3.85264 14.5 21 
21:30 0.91374 3.58186 15 21.5 
22:00 1.00000 3.92000 15.5 22 
22:30 0.92866 3.64035 16 22.5 
23:00 0.83266 3.26403 16.5 23 
23:30 0.68536 2.68661 17 23.5 
00:00 0.57277 2.24525 17.5 24 
